The advent of plasmonic nanostructures has opened new opportunities in fundamental biology and translational medicine.^[@ref1]−[@ref11]^ Photothermal therapy of cancer and other diseases, for instance, is based on plasmonic nanoparticle-enhanced laser absorption to treat the target cells or tissues.^[@ref4]^ With the leaky vasculature of tumor tissues or by specific surface functionalization, plasmonic nanoparticles can preferentially accumulate in cancer cells.^[@ref13]−[@ref15]^ The high concentration of nanoparticles in the cancer tissue enables photothermal operation, such as localized heating and cell ablation, using near-infrared laser, which has a large penetration depth in tissue. Photothermal therapy of cancer, for instance, utilizes the plasmonic effect of gold nanorods with near-infrared laser.^[@ref4],[@ref16]^ Furthermore, plasmonic nanostructures coupled with small interfering RNA (siRNA) have been applied to control photonic gene circuits.^[@ref7],[@ref17]^ The siRNA--nanostructure technique allows optically addressable release of siRNA and provides an effective approach for precise perturbation of gene circuits without permanent genomic medications. A photothermal nanoblade has also been developed for large cargo delivery in living cells.^[@ref18]^ The technique utilizes a glass microcapillary pipet with a thin metal film sputtered onto the tip. To transfer cargo into living cells, the tip is positioned to lightly touch the membrane of a cell and a short laser pulse, which causes the formation of a nanoscale cavitation bubble due to laser--metal structure coupling at the tip to locally disrupt the contacting lipid bilayer. In addition, dielectrophoretic force can also be induced for cell manipulation by focusing a polarized laser to a gold nanoshell array or other nanostructures.^[@ref8],[@ref10]^ The laser excites localized surface plasmon resonance and creates high nonuniform electric field for dielectrophoretic manipulation.

In most biological and clinical applications, short laser pulses or low laser powers are applied to avoid unnecessary harmful effects to cells and tissues. With the increasing applications of plasmonic nanostructures, unwanted effects could be introduced to cells in or near the site of photothermal operation, especially in situations that require long excitation duration or high laser power.^[@ref19]^ In particular, localized heating could induce cellular stress responses, such as heat shock proteins (HSPs), which are molecular components in the cellular defense mechanism against environmental insults. For photothermal therapy, the upregulation of heat shock protein may enhance tumor cell imparting resistance to chemotherapy and potentially increases tumor recurrence induced by heat stress.^[@ref20]−[@ref23]^ Furthermore, excessive heating to the neighboring regions could damage the healthy tissues. Despite its importance, little is known about the spatiotemporal gene expression distribution for viable cells and tissues near the region of photothermal operation.

In this study, we incorporate locked nucleic acid (LNA) probes with gold nanorods (GNRs) for monitoring the spatiotemporal gene expression near the site of photothermal operation. LNA probes for detecting intracellular mRNAs are designed and characterized in viable human cells and mice tissues. The effects of laser power and duration on the spatiotemporal temperature distribution are measured and correlated with the gene expression profiles measured by the GNR--LNA complexes. Computational analysis is also performed to elucidate the heat transfer characteristics and optimize the irradiation conditions for single-cell photothermal ablation. Furthermore, the dynamic cellular heat shock responses under different conditions are characterized systematically near the site of photothermal operation.

Results and Discussion {#sec2}
======================

[Figure [1](#fig1){ref-type="fig"}a](#fig1){ref-type="fig"} illustrates the design of the GNR--LNA complex for mapping photothermally induced gene expression in living cells and tissues. Detection of intracellular mRNA in individual cells is achieved by taking advantage of the gold nanoparticles' intrinsic quenching property^[@ref24]−[@ref28]^ and the gold nanoparticle--nucleic acid binding affinity.^[@ref29]^ In this approach, 5′ fluorescently labeled LNA probes with alternating LNA/DNA monomers are attached to GNRs, spontaneously forming GNR--LNA complexes. Alternating LNA/DNA monomers were previously shown to improve the probe stability for intracellular detection and adjust the binding affinity.^[@ref30]−[@ref33]^ In the absence of a target mRNA, the fluorophore conjugated to the LNA probe is quenched due to proximity with the GNR. With the specific target, the LNA probe is displaced from the GNR thermodynamically and hybridizes to the mRNA, allowing the fluorophore to fluoresce.

![Multimodal GNR--LNA complexes for intracellular gene expression mapping and photothermal operation. (a) Schematic of the photothermal experiment. To induce photothermal effects, the laser was focused to a cell of interest. The laser energy is coupled by the plasmonic GNRs in the cells. The GNR also delivers the LNA probes into the cells and quenches the fluorophore conjugated to the probe. With a target mRNA, the probe displaces from the GNR and hybridizes to the target, allowing intracellular gene expression analysis in living cells and tissues. (b) Intracellular gene expression of β-actin and *HSP70* mRNAs in mice lung tissues. A random sequence is designed as the negative control. The fluorescence intensity in the cytoplasm of each cell can be extracted from the images to map the spatiotemporal gene expression dynamics. Scale bar, 50 μm. (c) Photothermal ablation experiment performed by focusing the laser to a target cell of interest in mice lung tissues (left) and monolayer cultures (right). Cycles indicate the target cell in the ablation experiments. Scale bars, 50 μm. Data are representative images from three independent experiments.](nn-2014-00107g_0002){#fig1}

We characterized the GNR--LNA complexes for intracellular detection in human breast adenocarcinoma cells and mice tissues. [Figure [1](#fig1){ref-type="fig"}b](#fig1){ref-type="fig"} shows the intensity of LNA probes targeting β-actin and heat shock protein 70 (*HSP70*) in the alveolar structures of mice lung tissues. High intensities were observed for the probes. In contrast, the random probe had a low intensity throughout the experiment. Similar results were observed in MCF7 cells and mice liver tissues ([Supporting Information](#notes-1){ref-type="notes"} Figure S1). Furthermore, the GNR effectively quenched the fluorophore and displayed a quenching efficiency 2.4 times higher than an organic quencher conjugated to a complementary LNA/DNA sequence (Figure S2a,b). The specificity of the assay was tested by the random probe control (Figure S2c). Without a target, both probes exhibited a low background level comparable to the buffer solution. The β-actin target significantly increased the intensity of the β-actin probe but not the random probe, demonstrating the specificity of the assay. To examine the effect of laser irradiation, laser was irradiated to the GNR--LNA solution and did not show any observable effect (Figure S2d). These results collectively support the effectiveness of the GNR--LNA complex for gene expression analysis.

With GNRs, individual cells in tissues and monolayer cultures could also be selectively ablated by focusing the laser to the cell ([Figure [1](#fig1){ref-type="fig"}c](#fig1){ref-type="fig"} and movie S1). Control experiments without GNRs were also performed (movie S2). We utilized UV--vis--NIR spectrophotometry to measure the absorption spectrum of the GNR for optimizing the photothermal effect (Figure S3a). The length and width of the GNR were 67 and 10 nm, and there were two peaks at 900 and 570 nm corresponding to the longitudinal and transverse surface plasmon resonance modes.^[@ref34]^ Dark-field images illustrated that the uptake of GNRs was uniform among the cells ([Figure [2](#fig2){ref-type="fig"}a,b](#fig2){ref-type="fig"} and Figure S3b). To determine the amount of GNRs in the cell, we performed inductively coupled plasma mass spectrometry measurement after 12 h of incubation (Figure S3c). The amount of intracellular GNR could be controlled by adjusting the concentration of GNR during incubation. With an appropriate concentration (*e.g.*, 4000 GNRs/cell), the GNRs displayed minimal cell toxicity, as indicated by cell morphology and viability, and provided an optimum photothermal effect (Figure S3d,e).^[@ref35]−[@ref38]^ This concentration was thus used throughout this study.

![Characteristics of GNR for photothermal operation. (a,b) Dark-field and bright-field images for characterizing cellular uptake of GNRs. The cells were incubated with 2 × 10^11^ GNR/mL for 12 h. Scale bar, 25 μm. (c) Infrared thermometry for measuring the temperature profile in a glass bottom tissue culture dish. A single cell is irradiated by the laser to induce localized photothermal heating. Scale bar, 1 mm. (d) Temperature distribution near the laser. Scale bar, 150 μm. Color bar indicates the temperature elevation with respect to the reference temperature (37 °C). (e) Temperature distributions near the laser with different values of laser power after 1 min irradiation. Laser was focused at the origin. (f) Heating experiments measured by miniaturized thermocouples with laser irradiation at 150 mW. Data were fitted with exponential functions to extract the heating time constants. (g) Thermal cooling experiments monitored by miniaturized thermocouples. Data were fitted with exponential functions to extract the cooling time constants. (h) Computational simulation illustrating the evolution of the spatial temperature profiles with continuous laser irradiation. The simulation domain consists of 1600 elements, and each element represents 100 μm by 100 μm. The size of the domain is 2 mm by 8 mm. Color bar indicates the amplitude of temperature elevation.](nn-2014-00107g_0003){#fig2}

The photothermal temperature elevation at this GNR concentration was then characterized using miniaturized thermocouples (10 μm diameter) and an infrared camera. With continuous irradiation to a target cell (150 mW; 15 μm beam size) for 1 min, a temperature gradient was established and cells nearby experienced different temperatures depending on their positions ([Figure [2](#fig2){ref-type="fig"}c,d](#fig2){ref-type="fig"}). The temperature rise at the irradiation site could be controlled from 2 to 15 °C by adjusting the laser power ([Figure [2](#fig2){ref-type="fig"}e](#fig2){ref-type="fig"}). Without GNRs, the temperature was only modulated slightly (\<2 °C), and the cells did not show any observable effect (Figure S3f,g). To determine the heat transfer characteristics, we performed thermal cooling and heating experiments. The heating time constants were between 1 and 4 s depending on the distance from the laser ([Figure [2](#fig2){ref-type="fig"}f](#fig2){ref-type="fig"}). A longer constant in the range of 15--25 s was observed for cooling ([Figure [2](#fig2){ref-type="fig"}g](#fig2){ref-type="fig"}). To elucidate the heat transfer process, a numerical simulation was also performed ([Figure [2](#fig2){ref-type="fig"}h](#fig2){ref-type="fig"} and Figures S4--S7). Effects of laser duration on the temperature profile are described in supplementary section B and movies S3--S6. The results were in good agreement with the experiments and revealed that the thermal time constants are related to the convective heat transfer at the boundary and the heat accumulation of the bulk solution.

To examine the spatial cellular heat shock responses, the intensity distributions of the *HSP70* probes were measured in human cells and mice lung tissues (Figure S8 and [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). The laser beam size was focused to smaller than a cell (∼15 μm) with an optical intensity of 0.85 mW/μm^2^. The *HSP70* expressions were examined before and after laser irradiation in lung tissues ([Figure [3](#fig3){ref-type="fig"}a,b](#fig3){ref-type="fig"}). The spatial gene expression profiles were dependent upon the irradiation duration. For 5 min irradiation, the gene expression in neighboring cells near the irradiation area was upregulated and displayed a gradient in response ([Figure [3](#fig3){ref-type="fig"}c](#fig3){ref-type="fig"}. With longer irradiation (*e.g.*, 15 or 30 min), the cell response was upregulated in 100--300 μm away from the laser and was downregulated in the vicinity of the laser ([Figure [3](#fig3){ref-type="fig"}d,e](#fig3){ref-type="fig"}). To confirm that the observed gene expression response is not a result of thermal dissociation of the GNR--LNA complexes, the random and β-actin probes were used as control, showing uniform intensities throughout the experiment ([Figure [3](#fig3){ref-type="fig"}f,g](#fig3){ref-type="fig"}). The intensities were primarily compared between different time points at the same location due to the random distribution of the initial intensity. This observation confirmed that the temperature elevation induced at different distance from the heat source did not induce nonspecific release of the probes from the GNRs inside the cells. The general trend of the spatiotemporal gene expression responses was similar in MCF7 cell cultures, despite the differences in architectures, heat transfer characteristics, and cell types (Figure S8).

![Mapping of *HSP70* gene expression distributions induced by laser irradiation of single cells. (a,b) Fluorescence and bright-field images before and after 5 min of laser irradiation. The LNA probes target *HSP70* mRNA and a random sequence. Red circles indicate the locations of laser irradiation in lung tissues. Scale bar, 25 μm. (c--e) Intercellular gene expression distribution in different locations. Laser was focused at the origin. Intensity was measured before and at 2, 5, 15, and 30 min after laser irradiation. The experiment was repeated with 5, 15, and 30 min of laser irradiation. A single cell was irradiated in each experiment. (f,g) Laser irradiation experiments were performed using the random and β-actin probes with 30 min irradiation. All other conditions were the same as the *HSP70* experiments. Statistical analysis, *n* = 3 (NS, not significant; \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001).](nn-2014-00107g_0004){#fig3}

To investigate the reduction of *HSP70* expression near the laser at long irradiation, the cells were evaluated with a fluorescent apoptosis assay. [Figure [4](#fig4){ref-type="fig"}a](#fig4){ref-type="fig"} shows the distribution of apoptotic cells relative to the location of laser irradiation. With a short duration (*e.g.*, 1 min or less), cell ablation was achieved at the single-cell level (∼25 μm). Increasing the duration expanded the region of apoptotic cells ([Figure [4](#fig4){ref-type="fig"}b](#fig4){ref-type="fig"}), which correlated to the area of *HSP70* reduction. For instance, 30 min of irradiation induced cell apoptosis in a region ∼140 μm from the laser. The *HSP70* reduction and cell apoptosis near the site of photothermal operation were determined by the coupled effects of spatial temperature profile and the duration that cells experienced the elevated temperature. With continuous irradiation, heat accumulation was observed in the bulk solution, which extended the high-temperature region ([Figure [4](#fig4){ref-type="fig"}c](#fig4){ref-type="fig"}). The elevated temperature reduced *HSP70* expression and induced cell apoptosis. Collectively, these results revealed the effects of irradiation duration on the cellular heat shock stress response and determined the length scale of photothermal damage on neighboring cells.

![(a) Cell apoptosis measurement using Hoechst 33342. The distributions of apoptotic cells after 1 and 30 min of laser irradiation. Scale bars, 50 μm (left) and 100 μm (right). (b) Region of cell death as a function of the duration of laser irradiation. (c) Computational simulation showing the temperature distribution for different durations of laser irradiation. The domain of the simulation was 2 mm by 8 mm. Only the temperature near the laser (2 mm by 2 mm) is shown to illustrate the local temperature distribution. Color bar indicates the amplitude of temperature elevation.](nn-2014-00107g_0005){#fig4}

We further analyzed the dynamic response of *HSP70* mRNA induced photothermally ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} and Figures S9 and S10). With a short duration of irradiation (*e.g.*, 1--2 min), the cells near the laser exhibited only a small elevation of *HSP70* mRNA expression. With longer irradiation durations, the *HSP70* expression for most cells within 100--400 μm increased asymptotically toward temperature-dependent steady-state values. [Figure [5](#fig5){ref-type="fig"}a--c](#fig5){ref-type="fig"} shows the heat shock response between 40 and 44 °C. We excluded the data for the cells experiencing high temperature (\>44 °C) due to the loss of *HSP70* expression. The data followed the first-order kinetics, allowing the time constants and amplitudes to be extracted ([Figure [5](#fig5){ref-type="fig"}d](#fig5){ref-type="fig"}). The time constant increased linearly with respect to the irradiation time, suggesting the cell actively responded to continuous irradiation ([Figure [5](#fig5){ref-type="fig"}e](#fig5){ref-type="fig"}). Remarkably, the time constant was insensitive to temperature between 40 to 44 °C. In contrast, the amplitude of *HSP70* expression increased with both irradiation time and temperature in a nonlinear manner ([Figure [5](#fig5){ref-type="fig"}f](#fig5){ref-type="fig"}). The cells near the laser responded to both amplitude and duration of laser irradiation dynamically, highlighting the complex cellular heat shock response and the importance of monitoring cellular responses during photothermal manipulation.

![Dynamics of *HSP70* expression and regulation. (a--c) Dynamic intensity profiles of *HSP70* probes under different temperatures and irradiation durations. Lines are curve fitting using the equation defined in d. (d) Kinetic equation for estimating the time constant, τ, and amplitude, *A*~2~--*A*~1~. (e,f) Time constants and amplitudes of *HSP70* expression extracted from data in a--c. Each data point is an average of at least 50 cells from three independent experiments. The data are expressed as mean ± SEM.](nn-2014-00107g_0006){#fig5}

In this study, we demonstrate the multimodal GNR approach for photothermal operation and monitoring the spatiotemporal gene expression in living cells and tissues. The technique allows us to study the dynamic cellular response induced photothermally. In particular, heat shock triggers multiple signaling pathways and complex regulation of gene expression in cells and tissues.^[@ref39],[@ref40]^ Our *HSP70* mRNA and cell viability data illustrate the complex spatiotemporal dynamics in which the combined effects of irradiation duration and associated temperature elevation are critical during photothermal operation and should be considered for utilizing plasmonic nanostructures. This is particularly important in cases that require high laser power or long duration, such as cancer photothermal therapy, tissue ablation, physical manipulation of cells, and gene manipulation. Previous characterization of the photothermal response primarily relied on immunochemistry and RNA *in situ* hybridization in fixed cells and tissues. These techniques have limited abilities to measure the spatiotemporal gene expression profiles and to reveal the characteristics of the dynamic heat shock response. With its simplicity and effectiveness for mapping intracellular gene expression, the multimodal GNR--LNA is anticipated to serve as a platform technology for characterizing the cell behaviors during photothermal manipulations and optimizing the performance of plasmonic nanostructures toward a wide spectrum of biomedical applications in the future.

Conclusions {#sec3}
===========

In summary, we demonstrate a GNR--LNA complex for monitoring intracellular gene expression in living cells and tissues. The gold nanorod quenches the fluorophore with high efficiency and allows intracellular delivery to living cells and tissues without the requirement of transfection reagents or microinjection. Furthermore, the complex enables us to monitor the dynamic gene expression of cells near the site of photothermal operation. The GNR--LNA represents a highly effective approach for intracellular gene expression analysis and has the potential for characterizing the photothermal effects of nanostructures in a wide spectrum of biomedical applications.

Materials and Methods {#sec4}
=====================

Cell Culture {#sec4.1}
------------

Human breast adenocarcinoma cells (MCF7) were obtained from American Type Culture Collection (ATCC HTB22). Cells were cultured in Dulbecco's modified Eagle medium (Invitrogen) supplemented with 10% deactivated fetal bovine serum (Gemini BioProducts), 2 mM HEPES buffer (Sigma Aldrich), and 0.1% gentamycin (GIBCO).

Mice Tissues {#sec4.2}
------------

Female C57BL/6 mice were fed on laboratory food and tap water *ad libitum* in a regular 12 h dark/light cycle. Preparation of precision-cut lung slices (PCLS) was performed as previously described.^[@ref41]^ Six weeks old mice were anesthetized through IP injection of 240 mg/kg avertin (2-2-2 tribromoethanol, Sigma Aldrich). The skin was dissected from the abdomen to the neck, and the pleural cavity and trachea were exposed. The trachea was cannulated, and the animals were exsanguinated by cutting aortaventralis. Lungs were filled *in situ* with 38 °C 0.75% agarose (Research Products International Corp.) in minimal essential medium (MEM) and covered with ice for 10 min. Lungs were removed from the thoracic cavity into a plate filled with PBS and cooled on ice for an additional 10 min. Ten millimeter diameter tissue cores were prepared using a sharpened stainless steel tube. Lung tissue cores were cut with a Brendel/Vitron Tissue Slicer (VITRON. Inc.) into 500--600 μm thin slices. Lung slices were incubated in MEM with 0.5% gentamycin at 37 °C, 5% CO~2~, and 100% air humidity under cell culture conditions. Incubation medium was changed every 30 min for 2 h after slicing, and followed by a change every hour for the next 2 h, in order to remove agarose residues and cell debris from the tissue slices. To prepare precision-cut liver slices, the livers were placed into ice cold PBS for 10 min. Ten millimeter diameter tissue cores were prepared using a sharpened stainless steel tube. Liver tissue cores were then cut into thin slices (500--600 μm). Liver slices were incubated in MEM with 0.5% gentamycin at 37 °C, 5% CO~2~, and 100% air humidity for 90 min. The University of Arizona Institutional Animal Care and Use Committee approved all animal work and protocols.

Photothermal Ablation {#sec4.3}
---------------------

Cell monolayers cultured on glass bottom culture dishes were incubated with different concentrations of GNRs, including 10^10^ GNR/mL, 2 × 10^11^ GNR/mL, and 5 × 10^11^ GNR/mL, for 12 h. Quantification of GNR internalized is described in supplementary section A. In the photothermal experiment, a 1064 nm fiber laser with stable high-quality TEM^00^ beam was utilized for laser irradiation. The laser module was attached to the microscope (Nikon, TE2000-U) through an epi-fluorescence port. To optimize the conditions, individual cells were targeted at laser powers between 0 to 150 mW with a 40× objective, which focused the laser to 15 μm. For tissue studies, mice tissues were first incubated with 2 × 10^11^ GNR/mL for 12 h and then placed on glass bottom dish for single-cell ablation with irradiation intensity of 0.85 mW/μm^2^.

Gene Expression Mapping {#sec4.4}
-----------------------

We designed probes for β-actin mRNA as a positive control and *HSP70* mRNA to study the cellular responses induced photothermally. A random probe sequence was also designed as the negative control to evaluate the selectivity of the assay. The specificity of the probe sequences has previously been tested and verified.^[@ref32]^ The cell monolayer and mice tissues were cultured in serum-free medium for 30 min before the GNR--LNA complexes were introduced with a concentration of 2 × 10^11^ GNR/mL for 12 h. To induce the photothermal effect, laser with 0.85 mW/μm^2^ power density was irradiated to individual cells for durations of 1, 2, 5, 15, and 30 min. To determine the spatial gene expression profile near the laser, the fluorescence intensity of intracellular gene expression was measured at different locations. To measure the dynamic changes of gene expression, the intensity profiles of cells were monitored at different time points.

Imaging {#sec4.5}
-------

Gene expression mapping with GNR--LNA complexes of living cells and tissues, and immunostaining experiments were performed using the inverted fluorescence microscope. Bright-field and fluorescence images were captured using an HQ2 CCD camera (Photometric, Tucson, AZ). For fluorescence microscopy, all images were taken with the same exposure time and conditions for comparing the intensity. To characterize GNR internalization, dark-field images were recorded by observing scattered light using a Nikon dark-field condenser (dry, 0.95--0.80 NA) coupled with the microscope. Data collection and imaging analysis were performed using the NIH ImageJ software.
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Additional experimental methods, numerical analysis, and supplementary figures are available. This material is available free of charge *via* the Internet at <http://pubs.acs.org>.
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